In rats, chronic ethanol feeding was found to enhance the postprandial hyperlipemia and to increase the incorporation of dietary palmitic acid-3 H and intravenously injected Llysine-14 C into serum lipoproteins. The main increases of total amount, labeling, and specific activity of lipid and protein occurred in the d < 1.019 lipoprotein fraction. Fat absorption and the clearance of injected chylomicrons were not affected by ethanol feeding. Blocking of lipoprotein and chylomicron removal with Triton did not prevent the action of ethanol on serum lipids, indicating that the ethanol effect is not likely due to defective removal of lipids from the circulation. Ethanol enhanced the incorporation of chylomicron fatty acids into newly synthetized very low density lipoproteins, as shown by an increased reappearance of the fatty acid label into the lipids of this fraction after injection of palmitate-14 C/glycerol-3 H doubly labeled chylomicrons. These results indicate that alcoholic hyperlipemia is due, at least in part, to an increase in newly synthetized lipoproteins. The hyperlipemia produced by ethanol was accompanied by hepatic steatosis. The simultaneous production of fatty liver and hyperlipemia makes it unlikely that defective lipoprotein synthesis or secretion is a primary mechanism for the pathogenesis of the alcoholic fatty liver. 
Received for publication 10 October 1969 and in revised form 15 November 1969. 1 Ethanol and alcohol (ethyl alcohol) are used synonymously in this paper. described both in man (2, 3) and in rats (4) . An increase of circulating triglycerides can also be produced in fasting individuals after ingestion of ethanol for several hours (5) (6) (7) as well as during administration of alcohol containing diets for several days (8) (9) (10) . This hyperlipemia could result primarily either from increased hepatic production of lipoproteins or from decreased removal of serum lipids. The present study was undertaken to determine which of these mechanisms can be incriminated in the pathogenesis of the hyperlipemia induced by prolonged ethanol intake.
METHODS
Materials. L-Lysine-"C (uniformly labeled) (237 mCi/ mmole) of a radiochemical purity greater than 99%o was obtained from New England Nuclear Corp., Boston, Mass., and diluted with 0.9% NaCl to 1 /ACi/ml for intravenous injection.
Palmitic acid-9,10-'H (432 mCi/mmole) with tripalmitin carboxyl-"C (126 mCi/mmole), the purity of which was verified by thin-layer chromatography, were obtained from New England Nuclear Corp. and dissolved in chloroform. Aliquots of this solution were dried under nitrogen and redissolved in the diets described below at a concentration of 1 /,Ci/ml of diet. Triton WR-1339 (p-isooctylpolyoxyethylenephenol polymer) was obtained from Winthrop Laboratories, New York, and diluted in 0.9%o NaCi to 100 mg/ml for intravenous injection.
Chylomicrons were labeled by intragastric administration of the appropriate precursors to rats with thoracic duct fistula. Doubly labeled chylomicrons were prepared according to the method of Borgstrom and Jordan (11) . Thoracic duct fistulae were established in rats (300 g body wt) fed Purina Chow and in rats given the ethanol-containing diet described below for 24 days, using the technique of Bollman, Cain, and Grindlay (12) with minor modifications. At operation, gastrostomy cannulae were also inserted. 0.5 mCi of palmitic acid-1-J4C (10.3 mCi/mmole), 1 mCi of palmitic acid-9,10-8H or a combination of 0.5 mCi of palmitic acid-1-'C and 1.0 mCi of tripalmitin glyceryl-2-8H (255 mCi/ mmole), all of them obtained from New England Nuclear Corp. (assessed with regard to purity as described above), were dissolved in 2 ml of olive oil and administered to difThe Journal of Clinical Investigation Volume 49 1970 769 ferent groups of rats through the gastrostomy tube at least 24 hr after operation. The lymph was collected at room temperature in sterile tubes during the period of maximal labeling (within 4-8 hr after intragastric administration of the precursors) and stored at room temperature for a maximum of 72 hr. The day of the experiment, chylomicrons were separated by ultracentrifugation as previously described (13) . Lipid content and radioactivity were measured in aliquots of these preparations. More than 90% of the chylomicron lipid was shown to be triglyceride by thinlayer chromatography. In the doubly labeled chylomicron preparations, the isotopes "C and 'H were incorporated into the chylomicron lipids of the two preparations used with a 'C/PH ratio of 2.386 and 3.401 respectively. These preparations were injected at a dose of 3.5 mg of chylomicron lipid per 100 g body weight. For each preparation, the changes that occurred in the 'C/PH ratio during the clearing of the injected chylomicrons were related to the initial ratio which, arbitrarily, was considered to have a value of 1 for purposes of comparison. The two singly labeled preparations used (one labeled with 'H and the other with 'C) had the same clearance rate when injected simultaneously to normal rats. They were given in a dose of 7 mg of chylomicron lipid per 100 g body weight.
Animal procedures. Male rat littermates of a SpragueDawley strain (CD), weighing 100-150 g, and purchased from Charles River Breeding Laboratories (Wilmington, Mass.), were pair fed once or twice daily a liquid diet previously described (14) . These diets supply 18% of the total calories as protein, 35% as fat, 11% as carbohydrate, (Dextri-Maltose, generously supplied by Mead Johnson & Co., Evansville, Ind.) and 36% either as additional carbohydrate (controls) or as isocaloric amounts of ethanol.
Alcohol was introduced in the diet gradually, as described before (14) . Rats were treated for a total period of 10 or 24 days. 18 and 6 hr before the experiments, the liquid diets were given by gastric intubation (6 ml/100 g body weight) to assure equal timing and rate of food intake.
In the first set of experiments, rats fed the liquid diets for 10 days (eight pairs) and 24 days (24 pairs) were injected with 0.5 ,uCi of L-lysine-"'C per 100 g body weight into the femoral vein under light ether anesthesia. This procedure was immediately followed by intragastric administration of the diet (6 ml/100 g body weight) containing 1 uCi of palmitic acid-'H per ml. 0, 30, 60, 90, and 120 min thereafter in the 24 days fed animals and 90 min thereafter in the 10 days fed animals, the blood was drained from the aorta without anticoagulants and allowed to clot at room temperature. The liver was removed. Cardias and rectum were ligated and the entire gastrointestinal tract was also excised by separating it from the mesenterium as close to the intestinal insertion as possible. Intestinal fat absorption was assessed after 24 days of alcohol feeding by subtracting the fatty acid radioactivity remaining in the gastrointestinal tract from that given in the diet 0, 30, 60, 90, 120 min or 6 hr before. Lipid absorption was also determined in this manner in six additional pairs of rats using tripalmitin carboxyl-PC as a marker of dietary fat 90 min before sacrifice. Blood samples were obtained from the tip of the tail at 60-min intervals for alcohol determinations.
In a second set of experiments, 24 rats were fed for 24 days in groups of four littermates each: two rats in each group were given the ethanol-containing diet, whereas the other two received the same amount of the diet in which ethanol was isocalorically repaced by carbohydrate. The feeding schedule described before was followed except that (17) .
The isolated lipoprotein fractions and the liver samples (homogenized in saline) were precipitated with trichloroacetic acid and the precipitates were washed and delipidized with ethanol-acetone and ether as described by Radding and Steinberg (16) . The dried protein precipitates were dissolved in 1 N NaOH, and the protein content was measured by the method of Lowry, Rosebrough, Farr, and Randall (18) . 0.1 ml of the alkaline solution was directly counted in Bray's liquid scintillator (19) .
Hepatic lipids were extracted according to the procedure of Folch, Lees, and Sloane-Stanley (20) . The ethanolacetone and ether extracts of the precipitated serum lipoprotein fractions were combined and dried under nitrogen, redissolved in chloroform-methanol, and washed according to Folch et al. (20) . Aliquots of the lipid extracts were counted and their lipid content measured -as previously reported (14) . Tissue lipid labeling was corrected for the 770 E. Baraona and C. S. Lieber radioactivity contributed by the plasma, using values reported by Dewey (21) for plasma content of tissues. Liver lipids were further fractionated by thin-layer chromatography; the triglycerides were quantitated (14) and their labeling counted. The gastrointestinal tract and samples of the diets were digested and saponified by autoclaving in 90% KOH for 1 hr at 120'C (22) . The fatty acids were extracted in petroleum ether after acidification and an aliquot of these extracts was dried under nitrogen and counted.
Blood alcohol was measured by the method of Bonnichsen (23) .
Statistics. In all experiments, the values obtained in the alcohol-fed animals were compared to those obtained in their pair-fed controls and the mean of the individual differences was tested by the Student t test (24) . All values were expressed by their mean ±SEM.
RESULTS
The feeding of the ethanol-containing diet (6 ml/100 g body weight) resulted in rapidly increasing levels of blood alcohol. The highest values were found 2 hr after gastric intubation (153.4 ± 8.8 mg/100 ml of blood). Afterwards there was a progressive decline, as shown in Fig. 1 .
Effects of ethanol feeding on lipid absorption. As determined by the radioactivity of the tritiated palmitate remaining in the gastrointestinal tract, the net intestinal absorption was not affected significantly by ethanol feeding for 24 days (Fig. 2) ethanol feeding for 24 days (45.0 ±3.9% in the ethanoltreated rats and 43.0 ±1.6% in their pair-fed controls). The intestinal fat absorption was also unaffected by Triton (with or without ethanol); 90 min after the labeled feeding, radioactivity remaining in the gastrointestinal tract was 56.5 +8.1% after Triton in the alcoholfed rats (compared to 53.8 ±6.9% after Triton in their pair-fed controls) and 56.3 ±8.6% after saline plus ethanol (compared to 57.1 ±3.0% in their pair-fed controls).
Effects of ethanol feeding on liver lipids. As expected, alcohol feeding resulted in a progressive accumulation of fat in the liver. After 10 days of ethanol administration (only 6 days on the full dose of alcohol) moderate but significant (P < 0.01) increases in liver total lipid and triglyceride concentrations were observed (Table I ). In the alcohol-fed animals the total liver lipids increased 48.1% and the hepatic triglycerides 75%, compared to their pair-fed controls.
After 24 days, the lipid concentration of the liver in the ethanol-fed animals doubled and liver triglycerides increased more than 3-fold (compared to their controls). Both changes were significant (P < 0.01) ( Table I) .
When tritiated palmitate was included in the diets given by gastric tube 60 and 90 min before sacrifice, the ethanol-fed rats incorporated significantly more radioactivity in the liver total lipids and triglycerides than their pair-fed control (P <0.01), while at other times this difference was not significant. The magnitude of the increase in liver lipid labeling after ethanol was such that, despite the preexisting steatosis, the specific acEffect of Ethanol on Lipoprotein Metabolism tivity of the liver total lipids and triglycerides was not significantly lower in the ethanol-fed rats than in the controls at the time of maximal labeling. After 10 days of alcohol feeding and 90 min after administration of the label, the specific activity of the hepatic triglycerides actually increased (P <0.01). After 24 days, no significant difference in the specific activity of the hepatic triglycerides was found between the controls and alcoholtreated rats. The data observed in the animals sacrificed 90 min after administration of the label are shown in Table I . A similar increase in hepatic triglyceride labeling was observed 90 min after injection of labeled chylomicrons: 38.4 ±1.2 dpm X 10'/g of liver in the rats fed alcohol for 10 days compared to 11.1 ±2.7 in their controls (P < 0.01) and 34.8 ±1.4 in the rats fed alcohol for 24 days compared to 14.1 ±1.6 in their controls (P < 0.01). Again, the specific activity of the hepatic triglycerides increased after 10 days of alcohol feeding (from 761 ±183 dpm/mg in the controls to 2135 ±313 in the alcohol-treated animals) (P < 0.01), but this difference was not present after 24 days of administration of ethanol, probably because of the greater degree of preexisting hepatic steatos s.
Triton administration did not alter the increase in hepatic lipid concentration or labeling produced by ethanol (Table II) .
Effects of ethanol feeding on liver proteins. Total liver prote ns and protein labeling after intravenous injection of L-lysine-4C were not significantly changed by ethanol feeding. Total protein concentrations were 195.4 ±12.2 mg/g of liver in the controls, and 204.1 ±9.4 mg/g of liver after ethanol. Incorporation of lysine-14C into total liver proteins was maximal 60 min after intravenous injection both in the alcohol-fed rats 24 days, whereas in the controls it was either clear or only slightly turbid.
After alcohol feeding, significant increases in the serum fraction of density less than 1.019 were observed 60 and 90 min after administration of the diets by gastric tubes. Compared with the values obtained in the control group, the lipid and protein content of this fraction doubled in the alcohol-fed rats. The incorporation of palmitic acid-9,10-5H and L-lysine-"C into the lipid and protein moieties, respectively, of this very low density fraction, as well as their specific activities, also significantly increased (Figs. 3 and 4) . In a limited number of samples, lipid composition of this fraction was determined and was found to consist of at least 90% glycerides, primarily triglycerides. After 10 days of alcohol feeding, no significant changes were observed in the lipid and protein content and labeling of the other serum lipoprotein fractions collected 90 min after gastric intubation (Table III A 38 .88 ±8.19 dpm X 108/ml of serum in the alcohol-fed animals and 39.89 + 8.22 in the controls, resulting in specific activities four times and 11 times lower than that of the d < 1.019 lipoproteins in the controls and in the rats fed alcohol, respectively. The Triton effect on chylomicron removal was confirmed by the observation of a striking reduction of the clearance rate of injected singly labeled (1'C or 'H) chylomicrons (Fig. 5 ). Under our experimental conditions, the Triton effect appeared rapidly, was maintained for the duration of the experiment, and was comparable in the alcohol-fed and control rats. The experiments of Fig Although alcohol feeding did not modify the Triton block, its effect on serum lipids was not prevented (Fig. 6) . In the controls, the addition of Triton increased blood lipids and their labeling 90 min after intragastric administration of labeled palmitate, as expected. Alcohol feeding (in the presence of Triton) increased blood lipids even further, including lipid labeling (P < 0.05) despite similar fat absorption and similar block of chylomicron clearance.
When doubly labeled chylomicrons were injected into eight pairs of rats, the alcohol feeding again did not significantly change the rate of disappearance of the fatty acid label of the chylomicrons (Fig. 7) . The halflife of the chylomicrons was 2.47 ±0.37 min in the controls and 2.79 ±0.38 in the alcohol-fed rats.
Contrasting with the lack of significant change in the disappearance of the chylomicron fatty acid label, there was a highly significant difference (P <0.01) in the reappearance of the palmitic acid-luC in the very low density fraction of the serum. In the ethanol-fed animals, there was five times more 14C labeling in the lipids of the d < 1.019 fraction than in the controls. In the latter, (Fig. 7) .
During the 2-4 min after chylomicron administration, the 'C/H ratio was maintained close to the original value in both groups of animals. After this short initial period, a rapid increase of the ratio could be detected in most of the animals and, after 8 or 10 min, the tritium labeling fell so low that often it could not be counted accurately in the small volume of the plasma sampled. When enough serum was available at the time of sacrifice, an accurate measurement of the tritium became possible; it showed that the 'C/H ratio had significantly (P <0.01) and similarly increased in both groups of rats. The 'C/H ratio in.the lipids of the serum fraction of density less than 1.019 was 3.38 ±0.93 in the alcoholtreated animals and 3.74 ±1.24 in their pair-fed controls compared to the initial value of 1.
DISCUSSION
The results of the present study show that ethanol feeding enhances postprandial hyperlipemia in the rat and increases the incorporation of dietary palmitic acid-3H and intravenously injected L-lysine-"C into serum lipoproteins. Although the main changes occurred in the d < 1.019 serum fraction (which includes dietary chylomicrons), significant increases in the lipid content of lipoproteins of density higher than 1.019 were also observed, indicating that the lipids accumulated in the serum did not only represent dietary chylomicrons. Moreover, the observed differences could not be accounted for by altered intestinal fat absorption which was not significantly affected by ethanol under these conditions. The hyperlipemia, therefore, had to result either from increased hepatic production of lipoproteins or from decreased removal of serum lipoproteins (in- cluding that of the dietary chylomicrons) or from both.
Actually, the chylomicron clearance was unaffected by ethanol feeding, confirming previous observations carried out with slightly different procedures (13) . The latter study also showed that hepatic uptake of chylomicrons was unchanged by ethanol. Moreover, the considerable hyperlipemia present in the ethanol-fed animals during the clearing of the injected labeled chylomicrons would have slowed down the disappearance rate of chylomicrons due to the larger pool, if chylomicrons had indeed greatly contributed to the original hyperlipemia; removal of chylomicrons from the blood was indeed found to be slowed down by increasing chylomicron loads (25) .
Since chylomicrons obtained from ethanol-fed as well as from normal rats were used in this study, the possibility that the clearance of chylomicrons obtained from alcohol-fed rats might be different than those from control rats can be ruled out. A selective block of chylomicron removal by ethanol is also unlikely as a primary cause for the hyperlipemia, because the hyperlipemic effect of alcohol was still present although removal of chylomicrons was almost completely suppressed by Triton. The degree of the Triton block was not affected by ethanol and the fat absorption was unaltered. Since Triton also blocks the removal of other serum lipoproteins (26) , it is unlikely that the alcohol effect was due primarily to a selective block in the removal of the latter. Furthermore, the increase in the specific activity of the serum lipoprotein protein in the alcohol-treated rats could not be explained on the basis of a defective removal and suggests instead an-increased hepatic production of serum lipoproteins.
The increased reappearance of the labeled chylomicron fatty acids into the serum lipoproteins of d < 1.019, with a concomitant increase of the palmitate-"C/glycerol-8H ratio, shows that the palmitate-"C was reesterified with unlabeled glycerol (27) and represents additional evidence for an increased synthesis of very low density lipoproteins.
In addition to the hyperlipemia, fatty liver also developed after alcohol feeding. The increased incorporation of labeled dietary fatty acids, as well as chylomicronfatty acids, into the liver triglycerides indicates that the processes that lead to the hepatic accumulation of dietary fat after alcohol were taking place during the 90 min of study. It is significant that increases in the specific activity of hepatic triglycerides and serum lipids were observed in the ethanol-fed rats despite isotopic dilution by the fat accumulated in the liver. This observation is compatible with the existence of at least two triglyceride pools in the liver (28): a storage pool with slow turnover in which only a fraction of the incorporated fatty acids was diluted, and a more rapidly exchangeable pool which became much more labeled with the dietary palmitic acid--H in the alcohol-fed animals than in their pair-fed controls. The highly labeled lipoproteins probably reflect the activity of this rapidly exchangeable pool.
The simultaneous production of steatosis and hyperlipemia has a direct bearing on the problem of the pathogenesis of the alcoholic fatty liver. A variety of toxic agents (29, 30) , such as carbon tetrachloride, and deficiency states (31) produce fat accumulation in the liver by interfering with lipoprotein production or release. A similar mechanism has been postulated for ethanol. In contrast with the in vitro perfusion of normal livers with large amounts of ethanol (32) , acute administration of one large dose of ethanol in vivo did not result in impaired protein or lipoprotein synthesis (33, 34) or in altered Triton hyperlipemia (35) . Similarly, our data of simultaneous fatty liver development and increased lipoprotein production after chronic feeding of ethanol tend to rule this mechanism out, at least, for the initial steps of the hepatic lipid accumulation. Actually, it appears that the fatty liver rather than resulting from a block in lipoprotein secretion, could be a cause for the hyperlipemia, or, alternatively, increased lipoprotein production and fat accumulation could have a common pathogenesis. Decreased fatty acid oxidation in the liver or increased fatty acid synthesis (36) or both, would increase the availability of substrate for lipoprotein synthesis. Such increased availability of substrate in the liver itself has to be postulated, since we found accumulation of lipids in both liver and blood, without evidence that ethanol enhances the clearance of chylomicrons by the liver or affects lipid absorption or peripheral utilization. Thus, assuming that methods used in the present and preceding studies were sensitive enough to detect small but meaningful differences in these parameters, the most likely explanation we can offer for the simultaneous accumulation of fat in the liver and increased lipoprotein secretion after ethanol is increased availability of fatty acids in the liver itself. This can be achieved through decreased lipid oxidation; it has indeed been shown that ethanol reduces lipid oxidation in liver slices incubated with fatty acids (36) , in isolated livers perfused with fatty acids or chylomicron (37) or in vivo in rats (38) , and in man (39) . Furthermore, whereas normally oxygen is utilized in the liver primarily for lipid oxidation (40) , when ethanol is given, it becomes the main fuel for the liver (41); its oxidation thus supplants that of lipids. Moreover, the endoplasmic reticulum is the site of lipid esterification and lipoprotein production (42, 43) . It is possible that the proliferation of the smooth endoplasmic reticulum induced by ethanol (44) (45) (46) plays a role in the increased capacity of the alcoholic fatty liver to produce serum lipoproteins.
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